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ABSTRACT 

\Vlicn \\root1 is trc~atc,tl a s  ;In orthotropic dielectric ~rratcri..~l, thr relation Let\r,cen electrical 
tlisplace~rrent vcctol- { D )  ard electrical field intensity vcxct:or (E )  can Ile expressed as 
{I ) )  = a , [ k ]  (E l ,  \\,here [ k ] j s  dicllt.ctric constant mnt~ix. 'The transformatior1 of t h t ~  
prlr~l~i t t ivi ty  matrix then is [k] = [A]  [k]  [A]', \vllrre [A] ancl [A]' are the rotational 
111at r i~  ant1 its transpo.;e. 

'The. validity of tlicx tr;~nsfornratiolr c.clnatio11 mas tested oil western liemlock (Tsvgrl 
I~ctc.ro/~l~!llla [Raf.] Sirrg.) spcxcimcns of vaviol~s grain an& in the longitudinal-ratlial 
( LH ), Iongit~tdinal-ta~igfsntial (I,T ), and radial-tangential ( R T )  planes at 1 kHz i11id 
roo111 tcn~perature fro111 grcxen to oven-dry. The transforn~ation eqi~ation app1ic.d to wood 
l)elo\\. 15% ~noistlire content n~itli a negligible error. The iriaxinlinn dielectric constant of 
\vood appears at  t l ~ c  grain angl(' of 30 degrees in the 1.K plane and 15 degrees in  thc 
I,'1' plant.. 

Discontin~iity in tlrc plot of thc. logaritlu~l of dielectric properties vcrsns moistnre 
content \\-as ol)scr\.etl i ~ t  (i to 10'j; and 30 to 40% moistl~rr content. Dcnsity of woocl 
I ~ a s  littlc effect 011 dic~lectric. properties of \voocl. 

Atl(litio11cz1 I~c,IJ~uII.~/.s: 'I'.srigcr /lc,tc,rol1/1!/llc1, grain angle, 111rcuist11rc content. A C  resisti\ity, 
~lroisttirr ~rreler. 

INTRODUCTIOU 

Wood i 5  trc.atcc1 as .un orthotropic 11ody 
\vh(111 \\7(, stlidy its nic~cllnnical propertics 
i Schniewind and Rarrett 1972 ) . Because 
\\7ood is a natural paracrystallinc, composite, 
one, sllould bc. a l~ lc  to tl.c:it it as an ortho- 
tropic dielectric body to study its c.lectrica1 
pro~c.rtic,s. Th(> ol)jcc,tivct of this p;iper is 
to ln\clstlg~~tc, the orthotropic nature of 
c.lectrica1 propc.rtie5 ,u~tl  study the, c'ffcct 
of \vide rnnre of riloi5turc. co~itents on 

LJ 

lo\\~-frc~clucwcy diclcctric propcrtic.~. 
?Iliu~y of the studics o11 dielectric propor- 

tic,s and c,lectric;d propc,rtic.s arcx 1irnitc.d to 
tl~cl ill\~c\stigation of thc. propcrtic.~ along the 
thrccb pri1icip;il ascs. Both tlicllectric con- 
stant iurcl diclcctric loss of lvood along the 
graiil ;u.cl about twice as higli as across the 
grain. S k u r  ( 1948) and ~ ~ ( ~ j c ~ n ~ l a h l  ( 1946) 
eonsidercd that tht, diffcrencc. is attributable 
to rnolectilar structure of the cell wall. The 
c,ftect ot gr'lin anglc on dic~l(actric propertic5 
,qmer.illy i\ nc,glcctc~l, bctcausc. in practice, 
dic~l(~ctric propc.rtic5 arc) rno,l5urc~cl c,i th(~ 
 long the grain or across tllc grai11. Dic,lec- 

- 

' l'rrwnt atldress: 1632 S.E. W:~lnut St.. i<o. 15, 
liillsboro, OR 9712.3. 

tric prolwrtics of wood differ slightly bc- 
twc,c>n thch tangcntial and radial directions. 
Kriinclr and Pungs ( 1953 ), Uycimura ( 1960), 
and Rafalski (1966) suggested that thcsc, 
tlifferrmces resultcd from cell-wall orienta- 
tion rather than from microscopic structural 
tliffcrcmccs in wood. 

Thc ratio of DC rcsistivity of \ \ 7 o o t l  bc- 
t\vcc,n t h ~  tangential and Iongitutlinnl di- 
rections i:; allout 2 to 3.9, ancl that bcltween 
radial ancl longitudinal values is from I .9 to 
3.2. These, ratios are independent of ~nois- 
turc, oontc>nt. Sta~llnl (1964) col~sidercd 
that tl~c, difi'crcncc. in resistivity in different 
growth clirc%ctions rcflccts diffcrcmces i l l  thc 
stnictl~re of wood along thc thrcc prjncipal 
ilXVS. 

Accordl~ng to clcctromagnctic theory, the 
relation bcatwc~n electric displacc~n~ent vcc- 

+ + 

tor, D, and cl(,ctric field intensity \.c1rtor, E, 
in a honiogeneous isotropic ~rrcdiumr, e'ln 1)e 
cspres5cd as: 

\\ 0 0 1 )  &\I> 1~1131+.Ii 226 FALL 1973, \ .  5 ( . 3 )  
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\vhcrc t i4 the dielc~ctric pcwnittivity of a 
lnodiunl, t,, is thc dic,lcctric ptxrn~ittivity of 
empty space,, and x is dielectric surcep- 
til~ility of the rncdium. 

In thr caw oj an anisotropic body in an 
c,l(bctric fie,ld, Eel. ( 1 ) can be, rcwrittc~n as: 

whcrc~ (11) and {E) iu-cL column matriccs 
and [ t ]  is dielectric permittivity matrix, 
and is a second-order tensor. 

The rotational transformation of {D) and 
{E}  is: 

The, c,l(,ments of thc rotational matrix [A] 
arc directional cosines betwcci~ a new co- 
ordinate axis and the original coordinate 
axis. [A] has a sp~cial  property such that 
[A]'[A] = [I] whcrc [A]' is the transpose 
of matris [A], and [I] is thc unit matrix. 

Consequently, from ( 3 )  and ( 2 )  

[a = [ A ] [ E ] [ A I '  . (6 )  

Tlit, constitutivc, relation of Eq. ( 2 )  can 
1)c.  c~\prc~ssed i l l  suffix notation: 

wllerc, c , ,  is a sccond-order tcnsor. Fllrthrr- 
1110rc', 

wlrerr S,, i\ Kronecker delta (Nyt, 1957). 
Thereiorc., dielectric constant k,, ,  by defi- 
nitioir is also a sccond-ort1c.r tcmsor, as, 

Thcreforc,, the transformation of dic,lcctric 
constant mi1tri.t [k] takes a fonn similar to 
dielectric permittivity: 

Accordins to thc g~ncralized Ollnl's law, 
the clectirical resistivity of any anisotropic 
body is 

wherr { j )  is the currcnt density and [r] 
is the clcctrical resistivity tensor. The 
rotational1 transformation of rcsistivity tcnsor 
can then be cxprcssed as: 

- The accuracy of the constitutivc, Eq. ( 5 )  
cannot 1~ tcstecl directly becausc it is im- 
possible to nrCasur(' directly the electrical 
displaccmcnt vector. Howcver, thc ortho- 
tropic n,1t1ircb of diclectric proportir\ of 
wood can bc examined froin the cxpcri- 
nlcntal dlata at any grain angle and com- 
pared with theoretically calculated values 
using Bcl. (10) and (12). 

EXPEI{IMENTAL PROCEDURK 

Seven westcm hemlock logs about 50 c n ~  
long weir collected from a saw~nill irl Dal- 
las, Orc,;;on. Logs wcrc from thcl Snow 
Peak area in the coastal region. They wcrc 
split into quarters, and flitchcs without any 
dcfccts were nrachincd to obtain t11rc.c. typcs 
of 5 by 20 by 0.3-cm specilncns of 0 , 15", 
40°, 45', 60 , 75', and 90' grain nnglcs 
from one of the growth aucs Grain angles 
of Typc A specimens varied in the LR 
( l o n g i t u d i ~ l - r i d )  plane, Typc R speci- 
mens in the LT ( longitudinal-tangential ) 
planc, and Typc C spccilncns ir i  thc RT 
(radial-tangential) plane as in Fig. 1. After 
the specinlcl~s werch sandcd, washcd with 
distilled wratc.r, and wrapped individually 
in scvcral layers ot Saran wrap and a 
polytthylenc bag, they were storccl at 23 C 
and 50% RH for t\\~o wceks before dielectric 
measure~nmcmts were taken. 
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2 ~ t .  1 Schc31n;itic. prescxl1t:ition for c~lt t ing test 
\l)c'c.i~~re~is i l l  val.iot~s g r a i ~ ~  tlirrctions. 

Spc~cinrc~ns \l7erc. sand\vichc~cl bctwc~cn t\vo 
alulninunl p:wi~llel-plat() c~lcctroclcs of 5 197 
20 cni with 45.4 kg pressure applietl with a 
s1)ccial jig. Tlic, dielc,ctric prop or tic.^ of tl-~e 
assembly wc,rc, mc,asurcd using :a (:I3 1650 
i~nlx~da~lcc. bridge at 1 kHz and 7 volts 
peak-to-peak applied fic,ld strength. T11o 
c~lgcl cffclct was c~alculatcd to I)(, I(,ss than 
1% and was ignored because it was s~n:all(lr 
than tllc prc,cision of the impcclancc~ I~ridgc. 
Ilic~l(~ctric constants of the, tclst sl>c~cirnc~ns 
\ v c ~ c  cnlculated using thc rc:lation 

and thicknc>ss of test spcicinlc~n, rcspcctivcly, 
kund is the ecluivalcnt parallel capaci- 
tanc? ill picofarads ( p f ) .  The parallel AC 
rc.\i\ti\.ity \\la5 calculated using the relation 

r AC = A (ohm-cm) (1 4)  
uk t a n  sd 

where (,, i \  a ~ ~ g u l a i  frequency and tan 8 
tllc lo\\ tangent ok th(5 spccilncn read di- 
~ect ly t ron~ the bridge. lI7l1en tan 8 of the 

\vood dccrcuscd below 0.56, a G K  713 
cap,~cit,an~c, lxidgc was used, kvhich Illen- 
sure5 ecluivalcnt seric.5 capacitancc. It was 
convc.rtec1 to parallcl cap'lcitance bcforc, k 
and r ,, \vcrc calculated. 

After e'1c.h dielectric mcasuremcnt, rpeci- 
n~ens n7crc driccl in air to reduce, their 
moisture content. They wcrc \vrappecl again 
in Saran v~riap and were subjcctcd to an 
e q ~ ~ i l i ~ a t i o u  period of at least two \\reek\ 
11c)fore dielr~ctric mcasurcments were taken. 
The procedure, was repeated until inoisture 
contcmt rc.,~chccl 5%. Specimens were then 
oven-cllicd Average mcight bcforc and 
after each ~nc~asuremcnt mias uscd to dcter- 
mine ~noisturc. content of the 5pccirncn at 
test 

Whc.11 tl-~e log'uithm of k and tht, loga- 
rithm of r ,, of \vood arc plotted ag,linst 
nioisturc content bc,t\veen 10 and :35%, 
vtraight 1111c.s rcssult with ~cgression coef- 
ficients grc ater t hm 0.9. These linear rela- 
tions w?rc used to intcrpolatc the dielcctric 
plopeltics of wood at moisture co~itc>rit\ of 
10, 15. 20. 25. '30. and 35%. 

RESULTS ANI) DISCUSSION 

Effect of ~noisture content 0 1 1  rlielcctric 
properties 

As there, \vc,rc no coinmcrical dicllcctric 
~~iekasuring clcvicc~s iavailablc to hancllc Iligh- 
loss capacttors,   no st of the earlier dic~lc~cbic 
rc~sc;u.c~ll at t'rccluc.ncics l~elow microwave 
was 1irnif-c~c:l to low nloisturcl contc,~lts, 11c- 
cause n7ood 1)cllaves as a high-loss dicllc~ctric 
inaterial vrhen moisture content c,xcecds 
15%. Kcccmt: progrcss in scientific instru- 
mentation resulted in dcvcloping commer- 
cial i~npc~clancc~ bridges that can handlc 
high-loss dielcctric nlaterial and enable us 
to mcasurc thr cliclectric properties of \vood 
at any moisture, content. 

Figures 2 to 4 arc, plots of the logarithm 
of dicl(kctric constant versus moisture con- 
tent at 1 kHz along the 3 principal nxvs of 
woocl. The rc1;ltion can Ile represc,i~tcd by 
three lincar seglncmts: fro111 ovcm-dry to 
near 8%', from 8 to 40% moisture con- 
tents, and fro111 40% up. Uycbmura (1960) 
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0 I  I I  1 I I  1 FIG. 4. Relationof theiogar i th~n of tangential 
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MOISTURE CONTENT, PERCENT 
dielectric constant of western henllocli to n~oisture 
content. 

FIG:. 2. Rrlation of thc logarith~ll of longitudinal 
tlirlectric constant of western hemlock to ~noisture 
c,outfxlrt. 

rcy~ortc.d that the plot of tlielectric con- 
stant of wood shows a discontinuity at 
moisture conterlts near 6%. Similar dis- 
continuitic.~ occur for plots of log r . ~ ~ .  versus 
moisture content in Figs. 5 to 7. According 
to Spalt (1958), thc moisture content at 
which cnch sorption site of wood is occupied 

by a singlr watc.1- niolt~cule (rnonon~ol(~cu1ar 
laycr ). calcu1atc.d wing solid solution theory, 
is about 23% for desorption and about 6% 
for atlso~ption. In this experiment, the 
dielectric properties of wood were Inea- 
surcd during desorption, and the obscrvcd 
cliwontinuity at thc 8% level agrees with 
the moisture, content of the monomolc~cular 
laycr of >,orption calculated by Spalt. 

Stone ant1 Scallan (1967) rcportcd that 
the fiber saturation point of wooci i\ 40% 
when mc.asurcd by the pressure-pl;itc tech- 

0 10 2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  I 0 0  110 120 
MOISTURE CONTENT, PERCENT 

0 

l i ~ c : .  :;. Hclation of the logarithnl of radi:~l FIG. 5. Relation of the logarithm of Iongitndinal 
tlit.lrc.tl-ic constant of \vestern henllock to 111oisturr .k(: resistivity of western helnlock to ~noisture 
c.olltc.~rt. contrnt. 

I I I I I I I I I I I I  

0 10 2 0  30 40 5 0  6 0  7 0  8 0  9 0  I 0 0  l l O l 2 0  
MOISTURE CONTENT, PERCENT 
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MOISTURE CONTENT, PERCENT 

0 10 2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  1 0 0  110 120 

1'1c:. (i. Relation of the logarithm of raclial 
A(: rcisistivity of western hcntlock t o  rnoist~lre 
colrtrnt. 

nicluc', cven though Stamm (1964), Koll- 
mi11111 and CBtk ( 1968), allti lately Skaar 
( 1972) have citrd that the fiber saturation 
point of wood is bctwccn 24 and 30%. The 
discontiiluity in the plot of log k bersus 
lnoisturc corltent at 40'3 moisturc. level 
coincides with the filler saturation point 
dc>ternlined by Stone and Scallan for spruce 
wood. 

Uccausc of' thc discontinuity in thc plot 
of log k versus moisti~rc content at 403, 
calibrations of capacitance-type moisture 
~ncltc,rs should bc perfonncd with care near 

0 10 2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  1 0 0  l l O l 2 O  

MOISTURE CONTENT, PERCENT 

I 7. Kelation of tht. logarithni of tangcntiol 
i\C: resisti\#ity of wrstel-n he1n1oc.k to 1r1oisttu.c 
c , o~~ t rn t .  

0 1 
0 2 0  4 0  6 0  8 0  100 

M O I S T U R E  CONTENT, PERCENT 

FK:. 8. Hrlation of the longitudinal loss tangent 
of \vcteru hl-nllock to moisture content. 

this region if accurate moisture contcnt 
c~stimatioris are desircd. 

Note thai the dielectric constant of the 
wood-water aggregate exceeded that of 
water (klILO = 81, log k = 1.91) kt  hrm the 
iiioisture content n7as above 28%. On the 
basis of the diclcctric-mixture theory (Van 
13eek 1967), the dielectric constant of a 
wood-water systcin always must lie uithin 
the range of k ,,,,, , < K,,,,,, ,,,, < kuL( ,. l'inga 
( 1969) dl;.rnonstratcd that thc above prin- 
ciplc holds for a wood-wnter systcn~ at a 
ri~icro\v:~ve frccluency of 2240 MHL, \vherc 
interfacial1 polarization and loss of c4ectrical 
energy by conduction are ineffective. At a 
frcqutmcy of 1 kHz, interf-acial, dipolar, 
ionic, and clcctronic polarizatioris take 
place, hc~icv the dielectric properties of the 
~Lggregatr will bc influencetl by 110th thc 
lninutc quantities of impurities that exist 
in cc.11-wdll substances ancl the olectro- 
kinetic* phrnomcna present at wood-water 
intcrfacr.s When moisture contcnt is high, 
water in wood should behave as w'ltcr con- 
taining electrolytes, which has a co~lsider- 
ably higher diclcctric constant than that of 
pure watvr. 

AC rc,sisiivity of wood decreases con- 
tiiluously with increasing moisturc contcnt 
(Figs. 5 to 7) .  The behavior of r,,. is 
similar to r,,,. except that r \,. is smaller than 
r~,,.. Discontinuities in r.\( also appc,ar at 
the 8% and 40% levels. 
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Li~c:. 9. Relation of the radial loss tangent 
of .~vt>stern hei~ilock to nroist~~re content. 

Anomc~lous dielectric l o s ~  l~ehavior 

Change in diclcctric loss with a changc in 
~noisture content of green nood is hardly 
noticca1)lc at moisture contents above 40% 
(Figs. 8 and 9 ) .  Furthcmorc, dielectric 
loss sho\ved n inaximum at inoisture con- 
tents in thc r c ~ i o n  of 30%. James and 
Hamill ( 1965) observed that the dielectric 
loss of grecn wood at niicrowave frequencies 
is lo\\ier than that at 30% inoisturr content. 
This inlplics that power loss-type moisti~re 
meters will not be effective whcn the 
moisture content of \vood is above 30%. 

For a resistance-capacitance, parallel- 
circuit n1odt.1, loss tangent of dielectric 
~natcrial can bc exprcssetl as 

tan  6 = - , 
wC R 

P P 
where R,, is the equivalent parallel resis- 
tance. Recall that the dielectric constant of 
wood, hence, thc equivalelit capacitance of 
the specimen, decreases, and the resistance 
of wood ir~creases wit11 dcc-rcasing moisture 
content. Accorcling to Eq. ( 15), loss tan- 
gent is a function of the product of cnpaci- 
tance and resist;lnce. Therefore, depending 
upon the rate of change of capacitancc and 
rc,sistancc. with respect to the reduction in 
lnoisture content, loss tangc>llt may remain 
constant, increase, or decreasc with de- 
creasing moi\ture content. 

From a n~olccular standpoint, a decrease 
in clielcctric constant with deercasing rnois- 
ture content abovc. the fibcr saturation point 
is caused prinlarily by a reduction in the 
numbc~r of polar groups in the wood-water 
aggregatc 'Thc increase in resistance with 
decreasing inoisturc~ contcnt above the Fiber 
saturation point is caused primarily by a 
reduction in the nunlber of charge carriers, 
providcd that the conccpt of ionic con- 
cluction n~ec-hanisin applies. 

Rclom fibcr saturation, drying affects the 
diclectric coilstant not only by rtducing the 
numbrr of polar molecules that can interact 
with an applied external field, but also by 
rcstricting thc frcedom of motion of polar 
groups in wood. Drying, on the other hand, 
reduccs prinlarily thc number of charge 
carriers (Brown ct al. 19631, but the mag- 
nitude of change in the nuinber of charge 
carriers may be far grcater than thv change 
in thc n~lmber of availablc~ polar groups, 
because uiatcr-soluble cxtractives and other 
ionizable in~purities contribute more signif- 
icantly to thc conduction mechanism than 
the polariz;~tion mechanism. 

Effect of clensity and specific gravity 

The role of density of dielectric j~rop- 
c,rties was c,xamincd critically, and the re- 
sults arc? presciltcd in Table 1. Dc>nsity is 
based on weight and volun~c of a spccimcn 
at  tcst and  is influenced by n~oist~irc, con- 
tent, but specific gravity is based on ovcn- 
dry weight and volunle at test. 

Stepwisc rcgrcssion analysis co~isidering 
logarithm of dielectric properties ( log k, 
log r, log ( tan 8 )  ) as dependent \.ari:lbles, 
:mtl rnoisturc, content, density, and specific 
gravity as intlcpcndeilt varial~les, suggests 
that rnoi:;ture content alonr: accoui~ts for 
morc than 94% of the variability in di- 
electric constant and 84% for AC rc,sistivity 
and tan 3 .  Incorporation of density as an 
additional independent variable i~nprovcd 
the regression very littlc, but specific gravity 
has no effcct at all in improving thc rc- 
grc%ssioi-I nloclcl; t-ttsts of the rcgrt,ssion 
cocfficient contributc,d by density and spc- 
cific gravity showed no significance. 

Skaar I: 1948) showccl that dcnsity has a 
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TAI~I.E 1. Sqfrure of t11c c.orrelatioli cvefficient (H') ohtcliirecl ,with stcyu;isc liiieu~. regres.tion urrcilysix 
for / o g c ~ r i t / ~ f ~ r s  of cIie/ectric /jro/jc~.tics ccr.vtls nloisturc C O I I ~ P I I ~ ,  ( / ~ f ~ ( . i t y ,  urrd .specific grucity of tcestcnr 

hemlock. 

R 1  
M o i s t u r e  c o n t e n t ,  

Dependent M o i s t u r e  c o n t e n t  M o i s t u r e  c o n t e n t  d e n s i t y ,  and 
v a r i a b l e s  o n l y 1  and d e n s i t y  s p e c i f i c  g r a v i  ty  

Log K 
L o n g i t u d i n a l  0.938 0 .940 0.940 
Radi  a1 .961 .961 .961 
T a n g e n t i  a1 .969 .970 .970 

Log YAC 
Lonq i  t u d i n a l  
~ a d i a l  .966 
T a n g e n t i a l  ,950 

Log ( t a n  6) 
L o n g i t u d i n a l  .844 
R a d i a l  .910 
Tangen t i  a1 .925 

l ~ o i s t u r e  c o n t e n t  ranged f r o m  10% t o  30%. 

' I ' I \ ~ ~ A ~ , :  2. '17/fe rcltio of tl~corc~tic.u//!~ calcrrlateei clic~lcctric consttrt~~fs to tllc, cxl,erirncntc~l zjulfies for rccstern 
I~c~,rlock at  curiocls gruin ci~~gles.  

M o i s t u r e  c o n t e n t s ,  % 
Gra in  
ang le  0 5 

LR PLANE 
15 0.969 0.966 
30 0.972 0.995 
45 1.003 0.912 
60 1.011 0.997 
75 0.980 0.966 

LT PLANE 
15 0.987 0.972 
30 1.017 0.985 
45 1.050 0.984 
60 1.020 0.936 
75 0.983 0.869 

RT PLANE 
15 1.024 1 . I 2 5  
30 1.029 1 . I 4 4  
45 1.012 1 . I 5 7  
60 0.996 0.988 
75 1.062 1.253 

1 Values i n  i t a l i c s  v a r i e d  more than  25% f rom e x p e r i m e n t a l l y  d e r i v e d  va lues .  



' ~ ' . \ I%L.I . :  : 3 .  2'/1(, rnfio of t/~c,orc,tic~ull!~ cnlc~trlntcrl iiC rr,sistic;it!/ to tlzc c x ~ ~ c r i n ~ c ~ ~ t a l  z;ulrre.r for W L > . Y ~ C I . ~ L  hcm- 
loc?i  clt ual.iocrs firail1 aiig1t.s. 

Moisture  c o n t e n t s ,  7; 
Gra i n 
ang le  0 

L R  PLANE 
15 1.109 
30 1.241 
45 1 .731  
60 1 .218 
75 1.106 

LT PLANE 
15 1.126 
30 1 .178 
45 1.210 
60 1.206 
75 1.082 

RT PLANE 
15 1 .150 
30 0.990 
45 0.918 
60 0.910 
75 0.871 

'values  i n  i t a l i c s  va r i ed  more than 25% from exper imen ta l ly  de r ived  va lues .  

consistc,nt o f f c ~ t  on tho dielectric constant 
of n~ootl. IIis observation applies ovcr \vide, 
riulgc>s of wood of diffcrchnt species and 
t1iffc~r:nt density. Within a single, spccics, 
ho\vevclr, the variability that may originate 
11c.c;mse of different proportions of cell-\\dl 
su1)stanct~s overshadows any possible cffcct 
of clcnsity ant1 spc,cifie gravity on thr  di- 
c~lrctric propcrtics. 

Ilictlectric constant ant1 A(: rcsistivity of 
\\rood at grain angles of 15", 30", 45", 60°, 
and 75' \\7c,rc, enleulatc~tl f ron~ thc rnc,asured 
vahics at 0' and 90'' grain ang1c.s using 
1'!(1 ( 10) and ( 12) .  Thc ratios of thc cal- 
c.nlatc,tl va1uc.s ancl thc eu~wrimelltal ol~ser- 
\,ations then \vc>rc cornpared in Ta1)les 2 
ant1 3 .  As the, standard deviation of c1c.c- 
tricitl proper tic,^ for a givc~n moisturc con- 
trnt is about 25%, any calculated valucs of 
tlielectric. const;lnt and AC resistivity that 

11101.c t1ii111 2574 fro~n esperi11wnt:ally 

inc~asuretl values ~7c1-c. consiclerccl to bc 
substantia.1 ;.and are shown in Tab1c.s h a n d  
3 in italic typc. 

According to Table 2, wood behaves as 
an1 orthotropic dielectric material without 
introducing serious error when the moisture 
content O F  \voocl is below 15%. Abovc 15% 
moisture, thc deviation of thcorctically cal- 
culated 17alucs from experimental values 
becomes significant in the LR plane. AC 
resistivity docs not fit the orthotropic treat- 
ment very \a~ell. Theoreticallj7 c;~lculattd 
AC: rclsist-ivity of wood is corlsistcntly higher 
than thc experimental observation in both 
the LT and LK planes when grain angle 
is varied from parallel-to-fiber axis to trans- 
verse-to-fibcr axis. 

Figure:; 10 to 14 show the three-dimen- 
sional 111,ot o f  uvcrage dielectric constant 
a ~ l d  AC resistivities vcrsus grain angle and 
moisturc content. According to Figs. 10 
ancl 11, the maximum diclcctric constant 
and n~ini lnu~n A<: rc~sistivity (Figs. 1:3 and 
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1:rc:. 10. Effect of grain orientation ill I,R-plane 
a~rtl ~rroistllrr contc.nt on tlic,lrctric. constant of 
\\.c.\tc.rn llcllllocli. 

14) did not appc>'lr in the lonqituidil~al 
dirc.ctio11 ( 0 = 0" ), but appeared in thc 
vicinity of 30' ( B , , , , , , )  in thc LR plan(, ( Fig$. 
10 n12d 13),  and 15' in the LT plane ( Figs. 
11 and 14) when the rnoi\turc content of 
wootl was high. According to published 
data, the snean oricwtation of microfibril5 
with re\pcct to longitudinal cell axcs in the 
S2 laycr of  oftw wood trachcitls ranges be- 
tween 30 and :37" in thc radial wall and 
l ) c t w ( ~ ~ i  17' ; L I ~  20" in the tangcr~tial wall, 
rc5pcctivcly (Tang 1973). Thc appearance 
of snaui~num dielectric. con,tant and rnini- 
nlunl AC rc,sirtivity of wootl at a grain 
.~nglc othcr than the longitudinal grain axis 
I \  cau\od primarily Ily thc n~icrofibril angle 
of thr  S 1ayc.r of trachcids. 

Frc:. 11. Effect of grain orientation in I,l'-j~lanc~ 
and mois t~~re  content on dielectric const;~r~t of 
\\,estcrn hcn~lock. 

I:rc:. 12. Lffect of growth-ring orientation ill RT- 
planic ant1 n~o i~ t r~ rc .  content of westcrn hc~rrlock on 
its tlielectric constant. 
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121(:. I:?. Effect of grain orientation in LH-pl;~nc 
ant1 ~r ro i s t l~ r t~  cot>tc3nt on A(: rc.sistivity of western 
h(,~nlock. 

Notcx that H,,,,,, is i~lfluc~ilced by moisture 
co~ltcnt. When o\~c1>-drq7, H,,,,,, in thr LR 
plalle j Figs. 10 and 12)  cxistecl near 15". 
At 109 moisturc~ contcint, O,,,;,, existed be- 
t\vccLn 15 ant1 30 clcgrccs. Hecausc. dielectric 
propclrtics O F  wood arc highly sensitive to 
rnoisturc content, I considc,r that thc change 
in H,,,;,, with moisture contcnt may be as- 
sociatc.d with the preferential directional 
polarization of water molc~culcs absorbed in 
cc.11-wall substances. 

Thc diclrctric constant of wood in thc 
radial dirc,ction is hight.r than that along 
the tangc)ntial direction. Evistcnce of ray 
cclls and highcr nlicrofibril angles along 
radi:~l surfaces of tracheids may be the 
calls(. of this differc~ncc in the diel(tctric 
1xopertic.s. 

Thc, major practical application of di- 
c.lectric propcltics of wood ha\ bcwl to 
estimatc ~noisturc, coutvnt of wood and 
ti1)c.r colr~l~ositc%\. A ~iloi\turc, rr~c,tc>r 1)asecl 
on 110th thv capacit:ince principle and thc 
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171~. 14. Effect of grain orientation in LT-plane 
,tnc! nioi\t~[re contcnt on AC resi5tivity of \%&ern 
liemloc.l\. 

AC resistivity principle may be uscful to 
detcr~ninle the moisturc content of wood 
and fiber composites above fiber saturation. 
Dielectric loss-type moisture meters may 
not be sensitive enough to determine 
moistme content above fiber satnration, 
because dielectric constant increases and 
AC resistivity decreases with increasing 
moisture content above fiher sat~tration. 
The variability affects the accuracy of 
moisture meter readings. The 11igllc.r the 
illoisture col-tent, the higher is the vari- 
ability in wood dielectric properties and 
heilce the prediction of ~noistlire con- 
tent by moisture rnetcrs woudd bc less ac- 
curate. 

Recently, an innovation has been rc,ported 
to drtcrminc the grain anglc of lulnl)er by 
dielectric. means ( McLauchlan et al. 1973). 
I recommend careful study of any new 
dielectric clr\liccs for nondestructive testing. 
They should be measuretl against the sta- 
tistical variability of wood properties before 
they arc offcrcd for production control pur- 
poses. 
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